We demonstrate a record high normalized conversion efficiency of 3 × 10 6 W −2 in coupled high-Q photonic crystal resonators, owing to resonantly enhanced four wave mixing. The rate of spontaneously emitted photons reaches 14 MHz.
Introduction
Nonlinear frequency conversion processes are attractive for the generation of light at arbitrary colours. Integrated photonic devices based on four-wave mixing (FWM) are of particular interest due to the promise of compact all-optical signal processing metrology and quantum information sources. In a resonator, the efficiency of frequency conversion due to four wave mixing (FWM) scales as Q 4 [1] , provided the pump, the probe and the idler are all spectrally matched with a resonance. Related to frequency conversion is the generation of photon pairs [2] [3] [4] . The frequency conversion also scales as 1/V 4 mode (V mode the modal volume, e.g the radius of the ring), therefore small resonators, and particularly, photonic crystal (PhC) cavities, are expected to provide ultimate conversion efficiency. It is however notoriously difficult to obtain equally spaced resonances by coupling photonic crystal resonators. Recently, Matsuda and co-workers have demonstrated efficient FWM and, consequently, photon pair generation, in a photonic crystal structure entailing 200 coupled resonators [3] . Azzini et al, [4] have demonstrated resonantly enhanced FWM and photon pair generation in a device consisting of 3 coupled PhC cavities. Here we report a large conversion efficiency at ultra low power which is favourable for scaling up.The rate of spontaneously emitted photons is also high.
Results and discussion
The nonlinear resonator is made of a 180 nm thin suspended membrane of Gallium Indium Phosphide (GaInP). It is represented schematically in Figure 1 below and it consists of a chain of 10 coupled cavities obtained by modulating the width of a photonic crystal waveguide, similar to ref. [3] . The scattering spectra is obtained by measuring the optical signal leaking out of the resonator with an infrared camera. This is shown in Fig. 1a . Three peaks (out of 10) have been identified such that their frequency spacing is almost identical: 166.1 and 164.6 GHz. Importantly, the residual difference is smaller than the spectral width (7GHz) of the lowest Q resonance (2.4 × 10 4 ), therefore enabling phase-matched resonant-enhanced FWM. Considering the other two resonances (Q = 8.3 × 10 4 and 13.5 × 10 4 ), the averaged Q factor is (Q s Q i Q 2 p ) 1/4 = 7 × 10 4 . A side photonic crystal waveguide couples evanescently to the resonators. The pump and the idler are generated with two tunable lasers, combined together and coupled into the waveguide using an objective lens. A fiber circulator is used to extract the signal propagating backwards from the sample. The total insertion losses (circulator, the objective lens (in/out), the side PhC waveguide) amount to 11 dB. Because of the symmetry, the on-chip power levels relative to the measurements before the port 1 and after the port 3 of the circulator are estimated to a good approximation by applying 5.5dB offset. The FWM experiment is performed in CW using an Optical Spectrum Analyzer (OSA). The idler signal is easily detected by the OSA as the pump and the signal are properly tuned. The corresponding input and the output spectra are shown in 1a. The power levels measured by the OSA have been calibrated with a power meter and then rescaled to mean on-chip levels. The conversion efficiency is defined as the ratio of the power generated in the idler and the probe power level before 978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America the resonator: η = P idler /P signal,in . We estimate an idler power of 15.7nW from 4.2μW signal input, evaluated on-chip. This yields a value of -24 dB, while the pump power is 36 μW . The conversion efficiency is compared with recent experiments in ring resonators and coupled photonic crystal cavities. When necessary, it is estimated by converting the reported photon count rate into idler power. A result of about 3 orders of magnitude better than in ref. [4] is obtained, which is consistent with the order of magnitude larger (averaged) Q-factor of our cavities. Also comparing with higher Q ring resonators, efficiency is large especially considering the input power. Finally, the device is operated in the spontaneous emission regime. Two narrowband filters (50 dB rejection) are used to remove residual noise from the source and to filter the emitted photons. An additional notch filter (50 dB rejection) is used at output to filter the pump out. A superconductive bolometer, calibrated with an attenuated laser, is used for photon counting. A maximum ratio of 14 MHz, hence a spectral density of 200 MHz/nm, is extracted from the raw count rate after considering the insertion losses (coupling and filters) and the detection efficiency of the detector. This fairly large value of the emission rate is consistent with the fact that the ratio between spontaneous emission (photon pair generation) and stimulated emission (parametric frequency conversion) only depends on the Q-factor and the input signal power [1] .
